Differences in maximum tolerable absorbed dose to normal liver between 90 Y radioembolization and external-beam radiation therapy have been explained by citing differences in absorbed-dose heterogeneity at the microscopic level. We investigated microscopic absorbed-dose heterogeneity in radioembolization as a function of the number of microspheres per unit volume in tumor. The goal was to determine what effect the number of microspheres may have, if any, on tumor control in 90 Y radioembolization. Methods: 90 Y PET/CT data were combined with microscopic probability-density functions describing microsphere clustering to provide realistic simulation using Monte Carlo modeling on both a macroscopic and a microscopic level. A complete microdosimetric analysis using 100-μm voxels was performed on the basis of 90 Y PET/CT data from 19 tumors treated using radioembolization. Simulations were performed with average tumor microsphere-number densities from 200 to 70,000 spheres/mL. Monte Carlo simulations of each tumor and number density were repeated 20 times to establish SE. A 2-way balanced ANOVA was used to determine whether differences in microsphere-number density affected common tumor-dose metrics. Results: Decreasing the microsphere-number density resulted in a decrease in D 70 , the minimum dose to 70% of the tumor. The slope of the dose-volume histogram also decreased with decreasing microsphere-number density in all tumors. Compared with a density of 50,000 spheres/mL, decreases in D 70 were statistically significant below 20,000 spheres/mL. However, these differences are unlikely to have clinical significance until the density decreases to below 5,000 spheres/mL. Although D 70 was decreased at a low microsphere-number density, one can compensate for decreases by an increase in the average tumorabsorbed dose, that is, by increasing the radioembolization treatment dose. Conclusion: Differences in microsphere-number density may have an effect on microscopic tumor absorbed-dose inhomogeneity. These results begin to explain differences in treatment planning strategies between glass and resin radioembolization devices.
Overt he past 20 years, the worldwide use of 90 Y radioembolization for treatment of primary and metastatic liver cancer has grown significantly. Glass (TheraSphere; BTG International) and resin (SIR-Spheres; SIRTeX Medical) microspheres are the most widely used-and therefore the most frequently comparedradioembolization devices. In particular, differences in the maximum tolerable absorbed dose to normal liver between these devices has been the source of an interesting paradox. Recommendations on the maximum normal-liver dose for radioembolization differ significantly between glass and resin devices, with 70 Gy suggested as a maximum for resin microspheres (1) and 120 Gy for glass microspheres (2) . This paradox is confounded further when one also considers the 30-Gy toxicity threshold for wholeliver external-beam irradiation (3) .
The fundamental explanation for the difference between the maximum tolerable normal-liver dose from external-beam radiation therapy and radioembolization is the heterogeneity of absorbed dose at a microscopic level. Although external-beam radiation therapy will produce uniform absorbed doses at a microscopic level, this is not the case with radioembolization. Fox et al. first suggested that the microscopic absorbed-dose inhomogeneity of radioembolization may spare microscopic areas of normal liver between microspheres, leading to differences in toxicity between radioembolization and external-beam radiation therapy (3) . The dose-inhomogeneity argument has also been applied to explain the paradox of differences in the maximum tolerable normal-liver dose between glass and resin microspheres based on their physical and radiologic characteristics (Table 1) .
Resin and glass microspheres have calibrated specific activities of 50 and 2,500 Bq/sphere, respectively (4), leading to a potential difference in the number of microspheres infused to achieve a specific dosimetric endpoint (Table 1) . Recently, Walrand et al. (5) explored normal-liver absorbed-dose inhomogeneity using a 3-dimensional (3D) model of a section of normal liver tissue based on a repeating arrangement of liver lobules. Although several previous authors (6) (7) (8) had performed similar computational analyses of liver lobule vasculature and microsphere deposition, the study of Walrand et al. was unique (5) in that they used unequal trapping to show that glass microspheres spare critical tissues in normal liver, that is, the portal triad. This work offered a potential explanation for differences in maximum tolerable normal-liver dose between resin and glass microspheres. Further, 90 Y PET/CT and its superior resolution allowed verification of the microscopic simulation of Walrand et al. by confirming macroscopic deposition variations in real and simulated radioembolization procedures (5) .
Previous microdosimetric simulations of radioembolization (5-8) have considered only an ideal model of normal liver, with no analysis of tumor tissue. This restriction was primarily due to the limited information known about tumor vascular microanatomy, which has been observed only histologically (8, 9) . However, as shown by Walrand et al. (5) , the resolution of 90 Y PET/CT may be high enough to bridge microscopic and macroscopic microsphere distribution in vivo. In the current work, 90 Y PET/CT data have been combined with probability-density functions (PDFs) describing microscopic microsphere tumor deposition to provide insight into the effect of microsphere-number density on both microscopic and macroscopic tumor dosimetry. These findings may explain why the treatment plan needs to differ between glass and resin radioembolization devices that have differences in specific activity per microsphere.
MATERIALS AND METHODS
Quantitative data describing the deposition patterns of radioembolic microspheres in tumor tissue are limited, although several authors have attempted histologic analysis (9-11). The detail with which these authors quantified their analyses varied, but two findings of the studies were concordant and have been incorporated into the current work. The first is that microspheres are not deposited randomly in the tumor; they are deposited in clusters (9) (10) (11) . The second is that increasing the number of microspheres increases not the number of clusters but the number of spheres in each cluster (11) .
In this work, Monte Carlo sampling techniques have been used to model the distribution of microspheres on both a microscopic and a macroscopic level. On a microscopic level, microsphere distribution was sampled from experimental data provided by Campbell et al. (9) , derived from histologic analyses of biopsy specimen. Differential data describing the spectrum of distances between microsphere clusters, cluster diameters, and numbers of microspheres per cluster (9) were converted into PDFs and used in combination with 90 Y PET/CT data to determine microscopic microsphere distribution as a function of microsphere-number density. The first step in producing a simulation that provides concordance on both a macroscopic level and a microscopic level is to unify these data with a single data structure. To facilitate this, microsphere placement was performed within a 3D matrix of 100-mm voxels, referred to as m-voxels to distinguish them from the larger PET/CT voxels (i.e., voxels) in the remainder of the article. , a microsphere then must be placed within that voxel subject to the microscopic deposition algorithm detailed in the next section.
Placing Spheres into μ-Voxels
Within each voxel, a m-voxel was selected from a predetermined 3D microscopic probability matrix that included data for potential microsphere cluster locations and sizes and the relative probability that a microsphere will land within a cluster. The probability matrix was determined from PDFs based on biopsy specimens (9) using a randomly-growing-tree model to place cluster centers within the 3D volume subtended by all m-voxels. Successive cluster locations were determined using the rejection technique to sample the minimum distance between the new and previously placed clusters. A branching direction was then selected at random in 4p steradians at a radius equal to the sampled distance to define the new cluster location relative to the previously placed cluster. The new cluster location was compared with all previously placed cluster locations to ensure that the sampled distance between clusters for the current cluster, and previous clusters, was not violated. If a violation occurred, a new previous cluster was selected at random and the process was repeated until cluster placement was successful. After each successful cluster placement, the cluster center location, cluster size, and relative probability that a microsphere will land within a cluster were stored in the probability matrix. A diagrammatic overview of these processes is provided in Figure 1 .
Filling of predetermined clusters with individual microspheres was ultimately constrained macroscopically within each voxel by PET/CT data, and in each voxel the sphere was placed in a predetermined cluster by random sampling of the probability that spheres will land within that cluster, previously determined and stored in the probability matrix. At a microscopic level, extensive use of probability-sampled Monte Carlo techniques for sphere placement resulted in realistic distributions, even exhibiting variations similar to postradioembolization histologic specimens. Figure 2 shows a simulated slice of microscopic deposition with 50,000 spheres/mL.
In all simulations of microsphere deposition, the distribution pattern was not varied on the basis of microsphere composition or size (i.e., glass vs. resin). This decision was consistent with findings from specimens suggesting that microscopic deposition along an arterial tract is not notably different between glass and resin devices (10) . Simulations were performed at average tumor microsphere-number densities ranging from 200 to 70,000 spheres/mL. Simulation increments of 200 and 1,000 spheres/mL were used from 200 to 5,000 and from 5,000 to 70,000 spheres/mL, respectively.
Assessment of Impact of Microsphere-Number Density
The impact of microsphere-number density was assessed using two approaches within the framework discussed above.
Uniform Approach. The first method was the uniform approach, which considers the case of a tumor with a homogeneous macroscopic distribution of activity. In this case, the probability that a microsphere would be deposited within a voxel was equal for all voxels. Microscopic distribution at the m-voxel level was performed as previously described based on sampling from the data of Campbell et al. (9) .
Patient-Based Approach. The second method was the patientbased approach. The institutional review board of the primary site approved the patient data collection protocol for this prospective trial. Informed consent was obtained from all study participants, and each underwent postradioembolization 90 Y PET/CT. The enrollment criteria included patients with unresectable liver cancer clinically referred for hepatic 90 Y radioembolization with resin microspheres for both on-label and off-label treatment of their disease, with no sex or race restriction. Thirteen patients (aged 47-80 y) were enrolled for treatment of hepatocellular carcinoma (n 5 8), liver-dominant metastatic disease (n 5 4), or intrahepatic cholangiocarcinoma (n 5 1). The median MELD score (model for 
present in 3 patients. In total, 19 individual lesions were considered (mean, 1.45 per patient), with a mean maximum tumor diameter of 5.6 cm (range, 1.6-15.0 cm). Additional demographic data are available in Table 2 .
Individual lesions (n 5 19) were contoured in 3 dimensions under the supervision of a board-certified nuclear medicine radiologist. The voxel matrix included 5 padding voxels of normal liver tissue around all tumor edges to establish realistic boundary conditions and chargedparticle equilibrium.
Radiation Transport and Dosimetry
Although the Monte Carlo method was used to place spheres within m-voxels, ensuing radiation transport calculations were performed analytically using a predetermined radiation-dose point kernel, which, for 100-mm voxels, was computed using MCNP-X, version 2.5.0 (13) Using Equation 2, the average number density given a known average absorbed dose and specific activity can be determined. The available specific-activity range of the radioembolization device used (Table 1) will define the range of average absorbed dose that can be achieved at a given number density.
Analysis and Statistics
Several figures of merit were selected to reduce multidimensional dosimetric data into a presentable form. For each tumor, D 70 , D 90 , and D 95 were acquired as a function of microsphere-number density, where D 70 is the minimum dose to 70% of the tumor volume (16) . A total of 20 complete runs for each tumor, including resampling of all cluster locations at every number density, was performed to establish SEs due to random variance from the Monte Carlo method. D 70 data from 20 Monte Carlo runs of each tumor (Table 2) were analyzed using a 2-way balanced ANOVA. Data at each number density were compared with data computed at a number density of 50,000 spheres/ mL to examine whether statistically significant differences in this figure of merit are apparent as the number density of microspheres is decreased. An a-value of 0.05 (P 5 0.05) was used to indicate statistical significance. MATLAB, version R2014B (The MathWorks, Inc.), was used for all computations and statistical analyses.
RESULTS

Uniform Approach
The effect of tumor microsphere-number density on D 70 , D 90 , and D 95 for the uniform approach is shown in Figure 3A . A clear asymptotic behavior is evident, with maximum variation in D 70 in the range of 10,000-70,000 spheres/mL below 5%. Below 5,000 spheres/mL, D 70 , D 90 , and D 95 decrease quickly by almost 20% at the lowest number density simulated (200 spheres/mL). An interpretation of Figure 3A for different average-tumor absorbed-dose levels is shown in Figure 3B . Figure 3C shows the percentage of simulated clusters occupied by at least 1 microsphere as a function of average number density. At very low number densities (,1,000 spheres/mL), insufficient spheres are available and more than 10% of the anatomic vascular locations capable of forming a cluster will be empty. This effect contributes to the decrease in D 70 at a low number density in Figure 3A . Figure 3D shows dose-volume histograms for 200, 1,000, 10,000, and 50,000 spheres/mL. The difference in the dose-volume histogram for 10,000 and 50,000 spheres/mL is minimal. However, a decrease in the slope of the dose-volume histogram between 10,000, 1,000, and 200 spheres/mL is apparent.
Patient-Based Approach
Use of the combined macroscopic and microscopic modeling of tumor dosimetry applying the described methods created realistic microscopic absorbed-dose distributions. Figure 4A shows a 90 Y PET/CT scan of a patient with a left-lobe tumor with peripheral microsphere deposition around a necrotic core ( Table 2 , tumor 10). Campbell et al. (9) noted the occurrence of peripheral microsphere deposition histologically, which has been reproduced using our combined macroscopic and microscopic modeling technique, as shown in Figure 4B . All tumors were treated with resin microspheres, and none of the tumors reached stasis.
The effect of microsphere-number density on D 70 for the patient-based approach using data from 90 Y PET/CT is shown in Figure 5 . The shape of the D 70 curve as a function of number density is consistent despite vastly differing tumor types, sizes, and macroscopic homogeneities of activity distribution (Table 1) . For the tumors simulated, statistically significant differences in D 70 (P , 0.05) were apparent at less than 20,000 spheres/mL when compared with 50,000 spheres/mL (P , 0.01 for , 18,000 spheres/mL). D 70 , D 90 , and D 95 all decrease as the microspherenumber density decreases, with the greatest obvious changes occurring below 5,000 spheres/mL.
Selected dose-volume histograms are plotted in Figures 6A-6C for tumors 2, 9, and 13, respectively, which represented a range of tumor size, type (Table 1) , and macroscopic homogeneity (Fig. 5) . In all cases, reductions in the magnitude of the slope of the dosevolume histogram are apparent when the 200 and 1,000 sphere/mL number density are compared with 10,000 spheres/mL. However, these differences are not likely to have clinical significance until the number density decreases below 5,000 spheres/mL as indicated in Figure 5 . The effect of macroscopic heterogeneity in activity distribution can be appreciated by comparing Figures  6A-6C with Figure 3D , which has a much steeper slope because of the uniform macroscopic distribution. Table 2 , where D avg is average absorbed dose to tumor volume. Error bars have been omitted for clarity. Shaded area represents number densities that result in statistically significant differences with D 70 at 50,000 spheres/mL. Average absorbed dose, microsphere-number density, and specific activity per sphere are related in Equation 2.
DISCUSSION
The presented data show that microdosimetry is affected by variations in tumor microsphere-number density, with higher densities causing a greater percentage of the tumor volume to receive a larger absorbed dose. Although statistically significant differences in D 70 were appreciated between 20,000 and 50,000 spheres/mL, clinical significance is not expected until number density drops below 5,000 spheres/mL. These results clearly rest on several key assumptions inherent in the model used. The use of 90 Y PET/CT to describe macroscopic microsphere distribution is well established (17); however, the validity of extrapolation of Campbell's microscopic characterization of microsphere clusters rests on the assumptions that, first, increasing the number of microspheres does not increase the number of clusters but increases only the number of spheres in each cluster and, second, characterization of size and distance between clusters does not depend strongly on patient-specific microscopic tumor characteristics.
The validity of the first assumption has been noted after histologic analysis of microsphere distribution in patients receiving both glass and resin microspheres (10) . Further, this assumption is congruent with an understanding of tumor vascular microanatomy. Microspheres are deposited in capillary beds in a periarteriolar fashion, creating clusters that preferentially form in regions around vascular abnormalities. Since additional microspheres will not alter this process, it is logical that the effect of more microspheres would only be an increased number of spheres per cluster, up to the point at which complete occlusion of the capillary bed occurs. Conversely, if the microsphere-number density is very low, some microvascular areas capable of forming clusters may be left empty, simply because there are not enough spheres to reach them. Our simulation accounted for empty clusters, which influenced the decrease in dose metrics at very low number densities (,1,000 spheres/mL) as shown in Figure 3 .
The second assumption cannot be fully supported at this time since it is likely that tumor type, tumor size, and prior treatments such as transarterial chemotherapy will create microscopic microsphere cluster distributions different from those reported by Campbell et al. (9) . However, the overall behavior of the results should be preserved despite changes in microsphere cluster distribution, with lower microsphere-number densities resulting in higher absorbed-dose inhomogeneity. What may potentially change is the point at which this increased inhomogeneity becomes clinically significant. A patient-specific evaluation of the magnitude of this effect, however, is not feasible.
The presented results about differences in microsphere-number density may partially explain the treatment-planning differences between glass and resin microspheres (Table  1) . It is in this context that the results in Figures 3, 6 , and 7 should be interpreted. For example, consider a patient of average height and weight (172 cm, 70 kg) receiving lobar therapy with a lobar volume of 1,000 cm 3 and 25% tumor infiltration. Using the body-surface-area (4) treatment-planning model for radioembolization with resin microspheres, a 1.25-GBq treatment activity is recommended. Conversely, treatment planning using glass microspheres is based on an 80-to 150-Gy average dose endpoint (4), or 1.64-3.09 GBq. In this scenario, we will assume that the average tumor-absorbed dose after infusion of 1.25 GBq of resin microspheres is 100 Gy. If tumor and normal-tissue uptake characteristics hold, treatment with glass microspheres will result in a 13-to 250-Gy average tumor-absorbed dose, corresponding to a 1.64-to 3.09-GBq treatment activity. Consider in Figure 6 that a 100-to 130-Gy increase in average absorbed dose will overcome differences in D 70 resulting from any simulated microsphere-number density, in any tumor. Further, the range of number density at which glass spheres can reasonably be used in this scenario to achieve an absorbed dose of 130 Gy has a lower limit of about 2,500 spheres/mL-an additional important consideration. This limit in usable range further decreases differences in D 70 at the same average absorbed dose between glass and resin devices, making these differences easier to overcome with an increase in treatment dose. Figure 7 shows a simulated absorbeddose line profile providing a visual representation of this example.
The same D 70 for a tumor can be achieved in two ways: by using a greater number of microspheres and a lower absorbed dose or by using fewer microspheres of greater specific activity combined with FIGURE 6. Dose-volume histograms for patient-based approach with microsphere-number densities of 200, 1,000, 10,000, and 50,000 spheres/mL: tumor 2 (A), tumor 9 (B), and tumor 13 (C). Absorbed dose is reported as fraction of average absorbed dose. D avg 5 average absorbed dose to tumor volume. FIGURE 7. Line profile showing absorbed dose across section of tumor with uniform macroscopic deposition. Data for 100-Gy average dose are presented at microsphere-number densities of 50,000 and 2,500 spheres/mL. Characteristic higher peaks and lower troughs at lower microsphere-number densities are apparent. Data are also presented at 2,500 spheres/mL at 130-Gy average absorbed-dose endpoint, consistent with lower limit of recommended treatment activity for radioembolization using glass microspheres. This increase in average tumor-absorbed dose easily overcomes differences due to microsphere-number density.
an increase in tumor-absorbed dose-that is, by increasing the administered activity. Either approach is expected to provide equivalent tumor control under similar physical and biologic conditions. The findings presented in this paper, therefore, correlate well with clinical efficacy data on glass and resin microspheres and with the relative trade-off between microsphere-number density and treatment dose built into the treatment-planning strategies of these two products.
CONCLUSION
A lower microsphere-number density may cause a greater fraction of tumor to receive a lower absorbed dose. One can compensate for the effect of number density on clinical dose metrics such as D 70 by increasing the treatment dose, which is built into the glass treatmentplanning model. Clinicians should be aware of the potential effect of microsphere-number density on absorbed-dose inhomogeneity as it relates to different radioembolization devices. Further, since number density will change with the amount of time that glass microspheres are allowed to decay before use, this factor may also be considered in the treatment-planning process.
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